TANK-binding kinase-1 (TBK1) and the inducible I B kinase (IKK-i ) have been shown recently to activate interferon (IFN) regulatory factor-3 (IRF3), the primary transcription factor regulating induction of type I IFNs. Here, we have compared the role and specificity of TBK1 in the type I IFN response to lipopolysaccharide (LPS), polyI:C, and viral challenge by examining IRF3 nuclear translocation, signal transducer and activator of transcription 1 phosphorylation, and induction of IFN-regulated genes. The LPS and polyI:C-induced IFN responses were abolished and delayed, respectively, in macrophages from mice with a targeted disruption of the TBK1 gene. When challenged with Sendai virus, the IFN response was normal in TBK1 ϪրϪ macrophages, but defective in TBK1 ϪրϪ embryonic fibroblasts. Although both TBK1 and IKK-i are expressed in macrophages, only TBK1 but not IKK-i was detected in embryonic fibroblasts by Northern blotting analysis. Furthermore, the IFN response in TBK1 ϪրϪ embryonic fibroblasts can be restored by reconstitution with wild-type IKK-i but not a mutant IKK-i lacking kinase activity. Thus, our studies suggest that TBK1 plays an important role in the Tolllike receptor-mediated IFN response and is redundant with IKK-i in the response of certain cell types to viral infection.
Introduction
In the evolutionary battle between viruses and their multicellular hosts, type I IFNs have emerged as critical mediators of host defense (1) . Type I IFNs, including IFN ␣ and IFN ␤ , are cytokines that are transcriptionally induced during viral infection and that signal through the type I IFN ␣ / ␤ receptor (IFNAR) to activate transcription of a large set of genes important in antiviral responses (2) . IFN ␤ is first produced in response to the signaling cascade activated by innate immune viral detection and its transcription is controlled largely by the IFN regulatory factor-3 (IRF3) transcription factor (3) (4) (5) .
IRF3 is localized in the cytoplasm in unstimulated cells and, upon stimulation, becomes activated by serine/threonine phosphorylation leading to nuclear translocation (4).
IRF7, a close homologue of IRF3, is transcriptionally induced by IFNAR signaling and acts to promote further production of type I IFN (5-7). After production, IFN ␣ / ␤ binds to IFNAR in both an autocrine and paracrine manner and initiates activation of the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling pathway (2, 5) . This activates the IFN-stimulated gene factor-3 transcription factor complex consisting of IRF-9, STAT1, and STAT2. IFN-stimulated gene factor-3 binds to IFN-stimulated response elements present in promoters of a large set of target genes important in antiviral responses (2, 5) .
Toll-like receptors (TLRs) are a family of pattern recognition receptors that are known to recognize conserved microbial motifs and to subsequently induce signaling cascades that lead to proinflammatory cytokine production and maturation of antigen-presenting cells as well as enhancement of phagocytic activity of macrophages (8, 9) . Several TLRs are able to recognize viral products including dsRNA (TLR3), the F protein of respiratory syncytial virus (TLR4), ssRNA and the antiviral imiquimod compounds (TLR7), and CpG DNA (TLR9; references [10] [11] [12] [13] [14] [15] [16] .
Most TLR-mediated responses proceed through the Toll/IL-1 receptor domain-containing adaptor molecule MyD88 to the activation of NF-B and MAP kinases (17) . However, careful studies of MyD88-deficient mice revealed a MyD88-independent pathway that contributed to DC maturation and delayed NF-B and MAP kinase activation (18, 19) . Subsequently, TLR3 and TLR4, which recognize dsRNA and LPS respectively, were found to activate IRF3 and up-regulate a type I IFN-dependent gene program in a MyD88-independent manner and became characteristic of this pathway (20, 21) . Thus, the signaling mediators leading to type I IFN production during TLR3/4 stimulation have been under heavy study. Recently, two additional adaptor molecules were identified as missing links between TLR3/4 and IRF3. Mice deficient in Toll/IL-1 receptor domaincontaining adaptor-inducing IFN-␤ (TRIF/TICAM-1) were found to have defective type I IFN production and late NF-B activation in response to stimulation of either TLR3 or TLR4, whereas mice deficient in TRIF-related adaptor molecule (TRAM/TICAM-2) were defective in these responses only during TLR4 stimulation (22) (23) (24) (25) (26) (27) (28) .
TANK-binding kinase-1 (TBK1; T2K, NAK) and inducible I B kinase (IKK-i ; IKK ) were known previously as relatives of the IKKs that had an undefined role in NF-B activation and might potentially act as IKK kinases (29) . Recently, TBK1 and IKK-i were identified as having the ability to induce in vitro phosphorylation of IRF3 and IRF7 and to activate a luciferase reporter driven by the IFN ␤ promoter (30, 31) . However, the specificity of TBK1 and IKK-i in type I IFN production by TLR3, TRL4, and viral stimulations remains to be elucidated.
In this paper, we further characterize the contribution of TBK1 in TLR3/4 signaling pathways and during viral infections in cells derived from TBK1 ϪրϪ mice. We provide genetic evidence that TBK1 is required for IRF3 activation and production of type I IFN genes in response to TLR3 and TLR4 ligands, but not for NF-B activation. Interestingly, during virus infection, a cell type-specific requirement for TBK1 was observed in which embryonic fibroblasts but not macrophages required TBK1. We suggest that differential expression of IKK-i may mediate this difference.
Materials and Methods
Mice and Cell Culture. Generation of mice with a targeted disruption of the TBK1 gene have been described previously (32) . TBK1 ϪրϪ mice were generated by crossing mice heterozygous for a TBK1-deficient allele with TNFR1 ϪրϪ mice (provided by T. Mak, University of Toronto, Toronto, Canada) for two generations to get TBK1 ϪրϪ TNFR1 ϪրϪ mice. BM-derived macrophages (BMMs) differentiated from marrow from 6-10-wk-old TBK1 ϪրϪ TNFR1 ϪրϪ mice and TBK1 ϩրϩ TNFR1 ϩրϪ or TBK1 ϩրϩ TNFR1 ϪրϪ littermates were generated as described previously (33) . In brief, BM cells were harvested from mice and allowed to differentiate for 7-8 d in 30% L929-conditioned media before assays were performed. TBK1 wild type and knockout immortalized murine embryonic fibroblasts (MEFs) have been described previously (32) .
Virus Infections and Reagents. BMMs were stimulated with LPS (Sigma-Aldrich) at 10 ng/ml and polyI:C (Amersham Biosciences) at 1 g/ml. Sendai virus (SeV; Z strain) was a gift from D. Nayak (University of California Los Angeles, Los Angeles, CA; reference 34). Cells were infected at a multiplicity of infection of approximately five for the time points indicated.
Protein Extracts, Immunoblotting, and EMSA. Cell lysates were fractionated into nuclear and cytoplasmic fractions as described previously (20) . Nuclear fractions were probed with antibodies against IRF3 (Zymed Laboratories), p65, and USF2 (Santa Cruz Biotechnology, Inc.). Cytoplasmic fractions were probed with antibodies against phosphorylated STAT1 (pY701; Cell Signaling Technology) and STAT1 (Santa Cruz Biotechnology, Inc.). For EMSA, nuclear fractions were used in binding reactions with a ␥ [ 32 P]-labeled NF-B-specific oligonucleotide as described previously (35) .
Vectors and Reconstituted Cell Lines. Full length and kinaseinactive (KA; K38A) mutant forms of TBK1 and IKK-i were cloned from human expressed sequence tags (American Type Culture Collection) into the pEBB eukaryotic expression vector containing a puromycin-resistant gene. Vectors were transfected into TBK1 ϪրϪ MEFs and stably expressing cell lines were selected in the presence of 2.5 g/ml puromycin.
Quantitative Real-Time PCR and Northern Blot Analysis. RNA was isolated using TRIzol (Invitrogen), and cDNA was synthesized using iScript (Bio-Rad Laboratories) according to the manufacturer's instructions. Quantitative RT-PCR (Q-PCR) analysis was performed using the iCycler thermocycler (Bio-Rad Laboratories) as described previously (20) . Primer sequences for IFN ␤ , IP-10, IRF7, TNF ␣ , I B ␣ , ICAM-1, and L32 have been described previously (20, 36) . The following IL-15 primers were used: F, 5 Ј -CACTTTTTAACTGAGGCTGGCATT-3 Ј ; and R, 5 Ј -TCCAGTTGGCCTCTGTTTTAGG-3 Ј . The following primers were used: IFN ␣ 5, F, 5 Ј -TGACCTCAAAGCCTGT-GTGATG-3 Ј and R, 5 Ј -AAGTATTTCCTCACAGCCAG-CAG-3 Ј ; and Mx1 primers, F, 5 Ј -AAACCTGATCCGACT-TCACTTCC-3 Ј , and R, 5 Ј -TGATCGTCTTCAAGGTTTC-CTTGT-3 Ј . All gene expression data presented were normalized to L32 levels for each sample.
Northern blot analysis was performed using standard procedures. Probes for detection of TBK1 and IKK-i were PCR amplified from full-length human expressed sequence tags and labeled with ␣ [ 32 P].
Results

TBK1 Is Required for LPS-induced IRF3 Activation and
Type I IFN Production. The LPS-induced type I IFN response through TLR4 involves TRAM and TRIF-dependent, but MyD88-independent activation of IRF3 and transcriptional up-regulation of a subset of primary response genes including IFN ␤ . Subsequently, activation of the JAK-STAT pathway and up-regulation of a subset of secondary response genes occurs through auto/paracrine activity of type I IFNs (2, (20) (21) (22) (23) (24) (25) (26) (27) (28) . To examine the role of TBK1 in LPS-induced activation of the type I IFN response, activation of IRF3 and STAT1 and induction of IFN-regulated genes was compared in TBK1 ϩրϩ and TBK1 ϪրϪ BMMs at various time points after LPS stimulation. Although strong IRF3 nuclear translocation and STAT1 phosphorylation was observed in TBK1 ϩրϩ BMMs upon LPS stimulation, this response was either completely absent or greatly diminished in BMMs lacking TBK1 (Fig.  1, A and B) . In response to LPS, TBK1 ϪրϪ BMMs also failed to up-regulate transcription of IFN ␤ and IFN-mediated transcription of genes including IP-10, IFN ␣ 5, IRF7, IL-15, and Mx1 ( Fig. 1 C) . Because TBK1-deficient mice are embryonically lethal, TBK1 Ϫ / Ϫ BMMs used here and in the subsequent experiments were derived from TBK1 and TNFR1 double knockout mice, which are viable. (10, 24, 37) . To determine the requirement for TBK1 in type I IFN responses induced by dsRNA signaling pathways, the effect of polyI:C stimulation on TBK1 ϪրϪ BMMs was analyzed. Similar to that seen with LPS stimulation, BMMs lacking TBK1 were unable to induce nuclear translocation of IRF3 in response to polyI:C (Fig. 2 A) . Even during evaluation of an extended time course (up to 4 h after stimulation), IRF3 nuclear localization remained undetectable in TBK1 ϪրϪ BMMs (unpublished data). However, unlike what was observed for LPS stimulation, polyI:C-induced STAT1 phosphorylation could be detected in TBK1 ϪրϪ BMMs, albeit with delayed kinetics (Fig. 2 B) . Gene expression analyses showed that IFN ␤ production was absent in TBK1 ϪրϪ BMMs in response to polyI:C (Fig. 2 C) . However, induction of secondary IFN-regulated genes, such as IP-10, IFN ␣ 5, IRF7, IL-15, and Mx1, were induced in a delayed fashion in TBK1 ϪրϪ BMMs (Fig. 2 C and not depicted) . Thus, in response to polyI:C, TBK1 is required for IRF3 activation and IFN ␤ production; however, there appears to be a TBK1-independent pathway that can up-regulate delayed IFN ␣ and type I IFN-regulated gene production.
Activation of NF-B in Response to LPS and PolyI:C Does Not Require TBK1. TBK1 is an IKK family member and was initially suggested to have a role in NF-B activation (38, 39) . To determine if TBK1 has a role in the NF-B response to LPS or polyI:C, stimulated TBK1 ϩրϩ and TBK1 ϪրϪ BMMs were assayed for activation of NF-B using EMSA and by immunoblotting nuclear protein frac- tions for p65, the major NF-B subunit. Neither assay indicated a defect in NF-B activation in response to LPS or polyI:C in TBK1 ϪրϪ BMMs (Fig. 3, A and B) . Furthermore, Q-PCR analyses of the NF-B-regulated genes ICAM-1 and IB␣ revealed similar induction in TBK1 ϩրϩ and TBK1 ϪրϪ BMMs after LPS or polyI:C stimulation (Fig.   3 C) . Thus, TBK1 is not required for NF-B activation in response to either LPS or polyI:C.
TBK1 Is Not Required for SeV-induced IRF3 Activation in BMMs. Type I IFN production is a characteristic response of virally infected cells. TLR3 activation by viral dsRNA may mediate some aspects of viral recognition leading to type I IFN responses. However, it is unclear how different host cells detect various viruses and induce type I IFN responses during an actual infection. To determine the role for TBK1 in activation of the IFN response during an in vitro virus infection, we infected BMMs with SeV, a negative-stranded RNA virus. Surprisingly, in contrast to polyI:C stimulation, nuclear localization of IRF3 was normal in TBK1 ϪրϪ BMMs during SeV infection (Fig.  4 A) . Furthermore, although TBK1 mediated early induction of polyI:C-induced STAT1 phosphorylation, comparable kinetics and levels of STAT1 phosphorylation were observed between TBK1 ϩրϩ and TBK1 ϪրϪ BMMs infected with SeV (Fig. 4 B) . In accordance with normal STAT1 kinetics, production of IFN␤ and the IFN-regulated genes IP-10, IFN␣5, IRF7, IL-15, or Mx1 were comparable in TBK1 ϩրϩ and TBK1 ϪրϪ BMMs during SeV infection (Fig.  4 C) . Activation of NF-B and NF-B-regulated gene induction was normal in TBK1 ϪրϪ BMMs (unpublished data). Thus, although TBK1 mediates IRF3 activation and IFN␤ production as well as prompt induction of IFN-regulated genes in response to polyI:C, a TBK1-independent pathway exists for these responses during infection of BMMs with an RNA virus.
A Cell Type-dependent Requirement for TBK1 in Response to Virus Infection. In addition to BMMs, we analyzed the requirement for TBK1 during SeV infection of several other cell types to determine if all cells can activate IFN responses independently of TBK1. Infection of thymocytes with SeV showed comparable kinetics and levels of STAT1 phosphorylation in TBK1 ϩրϩ and TBK1 ϪրϪ thymocytes, indicating that TBK1 is not required for IFN responses in thymocytes (unpublished data).
We also examined the role for TBK1 in IRF3 activation during SeV infections in immortalized MEFs derived from wild-type and TBK1 ϪրϪ littermates. In contrast with our observations in BMMs and thymocytes, IRF3 nuclear localiza- tion in response to SeV was absent in MEFs lacking TBK1 (Fig. 5 A) . STAT1 phosphorylation was also largely reduced in TBK1 ϪրϪ MEFs (Fig. 5 A) . Furthermore, TBK1 ϪրϪ MEFs failed to induce expression of IFN␤, IP-10, IRF7, or IL-15 in response to SeV infection (Fig. 5 B) . However, NF-B activation was unaffected as assessed by EMSA, p65 nuclear localization, and analysis of induction of IB␣ and ICAM-1 genes (Fig. 5, C-E) . Thus, we have observed a cell typedependent requirement for TBK1 in the activation of IFN responses during infection with SeV, and have found a requirement for TBK1 in MEFs, but not in BMMs or thymocytes.
Differential Expression of IKK-i May Be Responsible for Cell Type-dependent Requirements for TBK1 in Viral Activation of IFN Responses.
In addition to TBK1, IKK-i has also been identified as a putative IRF3 and IRF7 kinase (30, 31) . IKK-i has been shown to be preferentially expressed in specific tissues, including spleen and peripheral blood lymphocytes, and expression can be induced in response to LPS and proinflammatory cytokines (40) . We sought to determine if differential expression of IKK-i may mediate the discrepancy we observed when comparing the requirement for TBK1 in BMMs versus MEFs during SeV infection. Thus, we analyzed basal expression levels of IKK-i and TBK1 mRNA in BMMs and MEFs by Northern blot analysis. Similar expression levels of TBK1 were observed in BMMs and MEFs (Fig. 6 A) . However, analysis of IKK-i mRNA levels in these cell types revealed strong expression in BMMs, whereas wild-type MEFs had barely detectable levels of IKK-i and these levels were even lower in TBK1 ϪրϪ MEFs (Fig. 6 A) .
We determined if the introduction of IKK-i into TBK1 ϪրϪ MEFs could rescue SeV-mediated IRF3 activation. TBK1 ϪրϪ MEFs were stably transfected with vectors encoding either TBK1 or IKK-i or their respective KA versions, harboring a single K38A substitution shown to inactivate kinase activity (29, (38) (39) (40) . Reconstituted cells were infected with SeV, and IRF3 nuclear localization was analyzed. TBK1 ϪրϪ MEFs reconstituted with wild-type TBK1 but not KA TBK1 (TBK1-KA) were able to induce IRF3 nuclear localization, IFN␤ production, and STAT1 phosphorylation similarly to wild-type MEFs (Fig. 6, B and C) . In addition, TBK1 ϪրϪ MEFs reconstituted with IKK-i could also rescue the deficiency of TBK1. This was dependent on the kinase activity of IKK-i as KA IKK-i (IKK-i-KA) could not rescue IRF3 activation, STAT1 phosphorylation, or IFN␤ production (Fig. 6, B and C) . Thus, IKK-i is able to mediate IRF3 activation in response to SeV in the absence of TBK1. Hence, our data indicate that IKK-i may be playing a redundant role with TBK1 during virus-induced IFN responses in cell types that express sufficient levels of IKK-i.
Discussion
Production of type I IFNs is critical to the host immune defense against viral infection and is a hallmark of virally infected cells. Induction of antiviral IFN responses can also occur as a result of TLR3/4 ligand stimulation. Although virtually all cell types can elicit an IFN response during viral infection, expression of TLRs is more restricted to immune cells and, thus, TLR-induced antiviral responses may be primarily important in these cell types. As the pathways involved in TLR3/4-induced type I IFN production are being carefully studied, an interesting question remains unanswered regarding the role of these pathways and signaling mediators during viral infections. In this work, we compare the role of the kinase TBK1 in IFN responses induced by LPS, polyI:C, and SeV. We have found a requirement for TBK1 in IRF3 activation and IFN␤ production in response to LPS and polyI:C. However, during infection with SeV, we have found a cell type-dependent requirement for TBK1 for induction of IFN responses.
In response to LPS, BMMs derived from TBK1 ϪրϪ mice were found to be defective in their ability to activate IRF3 and up-regulate IFN␤ production. Furthermore, LPS induction of IFN-regulated secondary response genes was also TBK1 dependent. Thus, our data demonstrate that although IKK-i is coexpressed in BMMs, TBK1 plays a nonredundant role as the LPS-activated IRF3 kinase. Previous studies have also shown that cells from mice lacking TLR4, TRIF, or TRAM are completely defective in LPS-induced IRF3 activation and IFN production (21, 23, 24, 27) . In addition, IRF3 is essential for LPS-mediated type I IFN responses (reference 41 and unpublished data). Therefore, our studies are consistent with a model of LPS-induced IFN induction proceeding through a linear signaling pathway dependent on TLR4, TRAM, TRIF, TBK1, and IRF3.
IRF3 activation and IFN␤ production in response to polyI:C was also found to be dependent on TBK1. Previous studies have shown that TBK1 can interact with TRIF and phosphorylate IRF3 (30, 42) . Therefore, it seems likely that TBK1 mediates dsRNA induction of type I IFN through the same pathway as TLR3, TRIF, and IRF3. However, although TBK1 seems to be required for all LPS-mediated IFN responses, polyI:C stimulation was able to induce TBK1-independent STAT1 phosphorylation and production of IFN␣ and IFN-regulated genes in a delayed but significant fashion. Studies in IRF3-deficient cells show a similar delay in STAT1 phosphorylation and induction of secondary IFN-regulated genes (reference 41 and unpublished data). Other studies have also indicated that alternative pathways exist for dsRNA induction of IFN responses. In cells lacking TLR3 or TRIF, dsRNA stimulation is still able to induce a delayed but significant amount of type I IFN and IFN-mediated gene induction, potentially mediated by protein kinase R recognition of intracellular dsRNA (10, 24, (43) (44) (45) . Recently, a locus-mediating TRIF-independent up-regulation of costimulatory molecules was identified. Description of the gene mediating this phenotype may reveal a member of this alternative pathway (44) . These studies highlight that host cells have evolved multiple mechanisms for detection of viral invasion. This phenomenon is particularly important because many viruses have the ability to inhibit various signaling mediators involved in activation of antiviral IFN responses.
During infection with SeV, we found a TBK1 deficiency in BMMs had minimal effects on IRF3 activation, IFN␤ production, or production of IFN-regulated genes. However, all of these responses were dramatically abrogated during infection of TBK1 ϪրϪ MEFs. The cell typespecific requirement for TBK1 during viral infection indicates that alternate mechanisms exist in BMMs but not in MEFs to phosphorylate IRF3. The related kinase IKK-i was expressed at much higher levels in BMMs as compared with MEFs. Reintroduction of either TBK1 or IKK-i but not their KA mutants into TBK1 ϪրϪ MEFs could rescue activation of IRF3 and IFN␤ production, indicating that IKK-i may be functionally redundant with TBK1 during viral infections. Studies in IKK-i-deficient and TBK1/ IKK-i double knockout mice are needed to clarify the requirements for these kinases during viral infections.
TBK1 was initially identified as having a role in NF-B activation, being able to induce NF-B activation when overexpressed, as well as being able to in vitro phosphorylate IKK␤ and Ser32 of IB␣ (38, 39) . However, in agreement with initial studies performed on TBK1 ϪրϪ MEFs in which the process of activating NF-B by TNF or IL-1 was not observably defective (32) , our studies indicate that TBK1 is not required for NF-B activation during either TLR3/4 stimulation or virus infection, as neither nuclear localization or DNA-binding ability were affected. This observation is consistent with previous biochemical studies indicating TLR-mediated MyD88-independent activation of NF-B versus IRF3 responses diverge at TRIF (42) .
Viruses are complex and diverse organisms and, thus, hosts have likely evolved multiple mechanisms for detecting viral invasion. Although we have characterized the role for TBK1 in response to LPS, polyI:C, and SeV infection, future studies are needed to address whether TBK1 plays a similar role during infections with different viruses, as well as to determine the role of IKK-i and other signaling mediators. Furthermore, the host receptors recognizing viral components have yet to be identified. Due to the differential requirement for TBK1 in various cell types, it will be interesting to explore the role for TBK1 in the whole animal response during in vivo infections to determine if cell types that elicit IFN production independently of TBK1 are sufficient for resistance to viral infection. Viruses can inhibit induction of type I IFNs in a variety of ways, many of which have not yet been elucidated, and further understanding of these pathways can help to better understand the mechanisms of virus-mediated inhibition of the IFN response (46).
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